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Abstract—A multiharvesting system conception focused on low-
voltage (up to 2.5 V) and low-power applications is presented
and validated as a point-of-view system. Using just this appli-
cation-specified integrated circuit, with a total quiescent power
consumption of 160 W, the harvesting system is able to collect
and manage energy from different power sources, such as solar
light (indoor environment), vibration (low-voltage piezoelectric
generators), and electromagnetic induction (operating with a car-
rier frequency of 13.56-MHz regulated band). The maximum total
power harvested with the addition of the three harvesting sources
is around 6.4 mW, for the operating conditions defined by a PZT at
7 m/s? at 80 Hz, 1500 Ix for a laboratory illumination, and 200 mW
emitted by a base transmitter at 25-mm distance between coils.
A broad and detailed description of all low-power-consumption
circuits involved in the multiharvesting system is described, em-
phasizing their design for low-voltage and low-power applications.

Index Terms—Electric power generation, energy scavenging,
low-power electronics, power conditioning.

I. INTRODUCTION

HE first energy cell, the battery, was invented by Alessan-

dro Volta in 1799. His invention predated the first
mechanical-to-electrical energy converter device discovered by
Michael Faraday. At the beginning, batteries were the only way
to generate electrical energy. It was at the end of the 19th
century when electricity was brought to cities by wires, while
battery use was relegated to mobile platforms.

Battery technology has undergone tremendous progress since
it was first discovered. This progress has enabled the explosion
of a wide range of new applications such as in mobile devices.
However, new trends in technology added to some intrinsic
limitations of batteries have motivated research into new energy
generation solutions [1]-[3].

There is a great interest in using free available external
energy sources for powering small electronic systems, a process
known as energy harvesting [4]. We must distinguish between
macro and micro energy-harvesting scales. Macroharvesting
is related to energy recovery in the range from kilowatts to
megawatts, which are fed to the grid. From the microscale
point of view, a limited amount of energy, in the range from
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nanowatts to milliwatts, can be obtained from different types
of external ambient sources and energy transducers [S]-[8],
like vibrations [9]-[13], heat [14]-[17], light [18]-[20], radio
waves [21], [22], or from human activity [23]-[26]. Estimates
of the available energy per unit area, or volume, for each
harvesting source, are reported in Table I. These values depend
heavily on the excitation conditions and technologies used.
From these different types of power sources and harvesting
solutions, it is possible to recover a peak power of 400 W
for mechanical-to-electrical harvesting based on piezoelectric
microelectromechanical systems (MEMS), operating at 1 kHz
and generating voltages below 1 V [9] for optimal load con-
ditions, or, as in [10], based on micropower generators based
on a laminate piezoelectric membrane, generating 22 W of
power and peak voltages up to 2.45 V with no load. Following
the objective to design energy-harvesting devices based on
MEMS solutions, an electrostatic microgenerator is presented
in [10]. In this case, a mechanical-to-electrical conversion
based on an electrostatic solution instead of a piezoelectric or
electromagnetic solution, the peak voltage generated can be
up to 65 V, and discrete electronics are used. This type of
solution imposes some high-voltage technology like the i2T100
Europractice [27]. In [12], a piezoelectric cantilever working
at lower frequencies of operation (65 Hz), generating higher
voltages (up to 15 V) and a maximum power of 350 uW, is
presented. An interesting point of progress is shown in [25],
because two power sources are combined: piezoelectric and
permanent magnetic energy scavenging. These elements are
discrete, and the total power theoretically generated is 44 mW:
37 mW from the electromagnetic source and 6 mW from the
piezoelectric source. In [18], the utilization of indoor cells for
extremely low conditions of illumination, and low voltages of
operation, is shown for a cell of 55 mm x 20 mm x 1.1 mm
with a power of 5 yW at 10 Ix to 200 W at 1450 Ix for a
voltage drop of 2 V.

Looking for a microharvested solution of cubic centimeter of
volume, which defines a smart multi-self-powered device for
measurements, monitoring, and communications, this would
be limited by area and volume. In this way, the combination
of several harvesting sources is mandatory. The combination
of three sources, namely, light, radio frequency (RF), and
vibration, in the range of low voltages (operative from 1.2
to 2.5 V), which are based on indoor illumination, typically
100 W/cm? in an illuminated office, inductive coupling, and
vibrational generators, is presented in this paper.

Nowadays, there has been more information related to the
harvesting topic and its impact on the green-house actuations.
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TABLE 1
ENERGY-HARVESTING ESTIMATIONS
Energy Source Performance
Indoor 10puW/em? (low illumination)
. , Typlical office 1000 W/cm? Solar cells (6830 Ix 10W/m?)
Ambient Light Outdoor 10mW/cm? Indoor solar cells (101x to 1400 Ix)
Full bright sun 10mW/cm®
4 uW/em® (human motion Hz range)
800 uW/cm® (machines-kHz ranges)
These numbers depend heavily on size, [5][7] Microgenerators
. . excitations, technologies, etc. 350 uW [12]
Vibrational Typically: 22uW [10]
Piezoelectric ~ 200uW/cm’ 400 pW [9]
Electrostatic ~ SO—IOOLLW/cm3
Electromagnetic < IuW/cm3
< luW/cmz unless near a transmitter [6]
GSM 4 pW/em? =1mW for proximate stations (inductive
WiFi 0.001mW/cm? coils)
RF These numbers depend heavily on @900MHz, 1.1meter @ 24.98dBm
frequency of operation and distance (0.315W), ~20uW [48]
between base station and receiver. (@4MHz, 25mm (subcutaneous powering)
>5mW [62]
5 5 Thermoelectric generators
Telrlperature Human 25 pW/em*- 60 u;V/cm 60 WW/em? Thermolife® AT=5°C.
Difference Industry 10mW/cm [7][14][48]

In www.EETimes.com, there is a reference to sustainable
buildings based on energy harvesting [28] related to EnOcean
GmbH [29], a spin-off from Siemens, and interest in combining
energy-harvesting circuits with RF modules, in order to define
self-powered sensor networks [30] and monitor energy harvest-
ing from natural motion [32].

There is also interest in monitoring the integrity of transport
infrastructures like bridges [33] and commercial solutions like
MicroStrain (Williston, VT) [34], Midé Engineering Smart
Technologies (Cambridge and Boston, MA) [35], or Perpetuum
(spin-off from the University of Southampton, U.K.) [36].
Another example is the CC430 technology platform by Texas
Instruments [37]. This platform helps the design of advanced
applications such as RF networking, energy harvesting, in-
dustrial monitoring and tamper detection, personal wireless
networks, and automatic metering infrastructure.

The advances in semiconductor technologies related to the
reduction of the transistor’s size allow the industry to obtain
more interest in the development of new self-powered portable
electronic devices that incorporate a great variety of circuitry
and functions [38]—-[40].

Energy harvesting, small-format batteries, and power man-
agement integrated circuits (ICs) are technologies that will
enable commercialization of the next generation of ultralow-
power electronic devices and systems. Such devices are be-
ing deployed for wireless as well as wired systems such as
mesh networks [41], [42], sensor and control systems, RF
identification (RFID) devices, MEMS [43]-[45], and so forth.
Some interesting work has been reported in the field of power
harvesting relating to passive wireless microsensors operating
in the range of ultrahigh frequency, in the ISM 900-MHz and
GHz bands, defining a far-field coupling, where the power is

supplied via a wireless base station. In the U.S., the maximum
power delivered by the base station cannot exceed 4 W, defining
a far-field coupling of just a few meters. Such systems are based
on circuits that rectify and set up the induced voltage across the
integrated antenna, which is a low voltage on the order of hun-
dreds of millivolts, in function of the distance between the base
and the tag. Such circuits are known as micropower rectifiers,
as derived in [46]-[48]. Efforts have been made to improve the
efficiency of such RF/dc rectifier/multiplier circuits. In [49], for
instance, the authors developed a CMOS solution implemented
in a 0.18-pum technology, operating with an input carrier of
900 MHz, with an input voltage of 250 mV in the integrated
antenna in the tag, which will theoretically generate an average
power of 25 W, with an output voltage of 1.8 V to supply the
tag electronics.

The reduced battery maintenance and replacement are ex-
pected to provide substantial growth market opportunities for
power management technologies. Overall, the commercial via-
bility and market opportunities, the dissemination and adoption
of new value-added technologies based on energy harvesting,
contribute to a global green growth exploiting new market and
technological challenges.

In application areas as diverse as aircraft construction, per-
sonal health care monitoring systems, or burglary detection
systems, energy harvesting is on the verge of developing a mar-
ket with a multibillion-dollar potential. For example, an elec-
tronic device including a semiconductor-based thermoelectric
generator (TEG), which transforms temperature gradient into
electrical energy, could be worn on the body using human body
heat as an energy source for medical monitoring [50]-[52],
delivering a power of 0.2-0.3 mW at 22 °C. Furthermore, the
total amount of energy demanded by the energy suppliers could
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be greatly reduced just by walking around while carrying on
the body or clothes several autonomous portable devices in
which energy harvesting from vibrations has been included.
The benefits of this green local actuation could have a huge
impact on global energy demand.

Novel and innovative energy supply alternatives must be
explored to remove or replace battery dependence and make
feasible the deployment of these battery-free devices. Focusing
on this field, a new trend in the research of energy sources
for low-power applications has been growing rapidly during
recent years. This approach consists in harvesting the available
energy of the environment in order to supply sufficient power
to electronic applications instead of using a battery or other
technologies with short lifetime and finite amount of energy.

Power sources to harvest energy from the environment and
technological solutions are quite abundant. The choice depends
on the specific environment and application. This determines
the sources of useful energy to be recovered and the available
power levels.

The work presented is focused on the development of a
low-power supply system based on the scavenged energy from
different sources [53] present in the environment, in such a way
that the system does not rely on only one harvesting source.
Based on a low-voltage technology [54], an integrated solution
is derived to recover energy at the microscale from different
sources at the same time (vibration, light, and RF), as a proof
of concept, recovering a total power higher than 1 mW.

The main objective is to eliminate the use of any standard
battery and just work with the energy provided by the environ-
ment. This system is defined as the multiharvesting power chip
(MHPC).

The developed power supply system, presented in this paper,
will be the main part of the power management circuitry of
a self-powered microsensor network which is still being de-
signed.

The structure of this paper is as follows. Section III intro-
duces the powering sources and their electrical models. The
designed ICs that define the whole system are described in
Section IV. Finally, Section V presents the experimental results
of the power conditioning circuitry.

II. CONCEPTION OF THE MULTIHARVESTING
SYSTEM ARCHITECTURE

The MHPC consists in a simple IC capable of harvesting en-
ergy from different ambient sources and delivering this energy
in usable electrical form. The proposed architecture is shown in
Fig. 1.

The system is designed to collect energy from different
ambient sources: solar (SC), mechanical vibration (using piezo-
electric generators, PZT), and thermoelectrical energy (HEAT).
Furthermore, it is also possible to recollect energy from an
inductive power link (MI). All the energy obtained from these
four sources is then transformed into electrical energy and
stored in one or more storage devices (SDs). In the pre-
sented design developed to validate this approach, the MHPC
works with three micropowering sources: light, vibration,
and RF.
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Fig. 1. MHPC diagram architecture and integrated modules in gray.

The idea consists of combining all the energy sources at the
same time. In that way, energy from each source is added to
that from other sources to obtain a total sum. Moreover, due to
the nature of the conception, this multi-power-source scheme is
robust against power failures. MHPC uses several independent
power sources in one IC, and when one fails, the system is
still producing energy owing to the other sources. Each power
source uses its own energy conditioning circuit; in that way,
all the sources can work together, in parallel and at the same
time. Each module can be optimized in its operation, defining a
peak-power tracker to optimize the operating condition and the
efficiency of the system. For light powering, a nice solution is
presented in [20]. In this paper, the authors present a novel ap-
proach to define the power tracking for solar-energy-harvesting
circuits in a very simple way, depending on the illumination
conditions, as a good approach for small low-power equipment.
In the case of vibration, as presented in [84], the efficiency of
the electromechanical conversion is quite high, ~80%. In our
case, a particular power tracking for the RF and light modules
has not been implemented. The roles of these kinds of solutions
are well known individually, and for this proof of concept, the
tradeoff between their inclusion in terms of power consumption
and area is beyond the scope of the present work.

There are two operation modes when working with MHPC.
The first one consists in using just a single SD (SSD) shared
with all sources. The second mode consists in the use of each
source separately from the others. In that mode, it is necessary
to use multiple SDs (MSDs), one for each source. Using the
second mode, it is possible to power more than one independent
load at the same time, as described in [60], whereas using the
first mode, it is possible to collect more energy in the SD but
just power one common load.

Another important aspect consists of controlling the stored
energy and how it is transferred to the load. Basically, the
MHPC introduces a control module that manages this situation,
as explained in more detail in Section IV. In the SSD opera-
tion mode, the control continuously senses the voltage at the
storage element, and when there is enough voltage, the load is
connected. From that point on, and if the voltage decreases to a
minimum value also controlled by the control module, the load
is disconnected. On the other hand, in MSD mode, it is possible
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to integrate one individual control module for each source or
just connect the source directly with the load.

Regarding the control module and the conditioning circuits,
it is logical to assume that a low-power-consumption design is
a necessity. Since an MHPC is a self-powered device and fo-
cused on low-voltage applications, low consumption is manda-
tory for all circuits in order to obtain good efficiency values.
This implies that noncomplex power management circuits with
low-power architectures and circuits have to be specifically
designed.

A full-custom IC has been designed to validate the MHPC
conception. The designed system is able to work with three
different sources at the same time: solar energy (SC), mechan-
ical vibration (PZT), and magnetic induction link (MI). The
implemented integrated modules are colored in gray in Fig. 1.
Thermoelectric source has also been included in the conception
of the MHPC but, at this stage, is not integrated due to area
limitations. For this type of powering source, small voltages are
expected to be generated on chip. Then, in order to increase
the voltage, a dc—dc converter is usually integrated, like in
[50], particularly an autonomous efficient charge pump [51],
with a linear regulator after the charge pump to regulate the dc
voltage. These kinds of generators have been of considerable
interest in recent years. They are based on a junction of two
doped materials, namely, “n-type” and “p-type” semiconduc-
tors. These are connected by a metal conductor at the hot and
at the cold side of the gradient. A temperature gradient across
the thermoelectric material drives electron charge carriers from
the hot to the cold junction and produces a voltage. TEGs
are a good choice since they can be microfabricated with
classical microfabrication techniques. In 1997, Stordeur and
Stark designed the first micropower TEG that is able to produce
20 pW with AT = 20 K [55]. Nowadays, some companies are
selling products based on TEGs. For example, Seiko placed on
sale a thermal wristwatch that uses ten thermoelectric modules
to generate sufficient energy to run its mechanical clock [14].
There is also the Low Power Thermoelectric Generator by
Thermo Life (Thermo Life Energy Corp., California), which
is a TEG measuring 0.5 cm? and 1.6 mm thick, that can supply
energy to a biosensor when in contact with the skin. It is able to
supply, with a 5-°C gradient temperature, 5 A at 3 V [15].

Nonetheless, the MHPC validation has been completed
without it.

III. POWERING SOURCES

This section introduces the powering sources that have been
used at this stage, which are the solar cells, piezoelectric
generators, and the inductive link. Their electrical models and
their compatibility with Spectre software, which has been used
to validate the conception of the MHPC IC, are presented.

A. Solar Cells

A solar cell can be easily described as a large-area semicon-
ductor diode (p-n junction) that is able to convert the energy of
the incident light (energy of photons) into electrical current as
a result of the photovoltaic effect [57].
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Fig. 3. I—V characteristic for a solar BIT from IXYS [59].

The basic equivalent circuit model of a solar cell is formed
by a diode (D;) and a current source (I;) connected in par-
allel. The current source is proportional to the light radiation,
whereas the diode represents the p-n junction.

Moreover, two resistors, one in series (Rg) and the other in
parallel (Rp), could also be introduced in order to take into
account the imperfections of the solar cell. Rg resistance is
produced because a solar cell is not a perfect conductor, and
Rp models its internal leakage current [58]. In an ideal cell, it
is logical to assume Rg = 0 and Rp = oco. Sometimes, an extra
capacitor (C1) is added to simulate the parasitic capacitance of
the junction. Fig. 2 shows the symbol and the circuit model for
solar cell.

A solar cell can also be described with its /-V waveform.
Fig. 3 shows the I-V characteristics for a solar BIT from
IXYS [56]. The generated current and voltage vary in function
of the light conditions, although it is important to describe the
following three quantities.

1) Open-circuit voltage (Vi.): The voltage between the
terminals when no current is flowing (infinite load
resistance).

2) Short-circuit current (/. ): The current when there is a
short circuit in the terminals (zero load resistance).

3) Maximal power point (MPP): Point of the solar cell when
it produced the maximum amount of power.

The IXYS XOB17 solar cell is used in that work as a solar
generator. It is a high-efficiency indoor/outdoor monocrystal
silicon solar cell mounted in a Surface Mount Device (SMD)
mechanical package (22 mm X 7 mm X 1.6 mm) consisting
of three XOD17 solar cell units. It presents an efficiency of
typically 17%, and the characteristics are listed in Table II.
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TABLE II
IXYS XOB17 ELECTRICAL CHARACTERISTICS
Symbol Parameter Value Units

Voc open circuit voltage 1.89 v

Isc short circuit current 12.6 mA
Vyviep voltage @ MPP 1.53 \%
Inpp current (@ MPP 11.7 mA

|1 L2 +
PZT = Ci1 R1

$E§: = L1 == VpzT
- X117y C2 .

Fig. 4. PZT symbol and its electrical circuit model.

TABLE 1II
QP20W ELECTRICAL CHARACTERISTICS

Current
TSUA

Acceleration
Tm/s> @ 82 Hz

Voltage
1.2V

RLOAD
10kQ

B. Piezoelectric Generators

The piezoelectric generator used is based on the Quick
Pack QP20W (Midé Technology Corporation, Medford, MA).
The Quick Pack QP20W [35] is a composite beam made of
two piezoelectric layers working as a bimorph body, with an
intermediate layer made of polyamide.

This composite beam is then located with one end clamped
to a vibrating body and the other end remaining free. The vib-
rations forced at the clamped end are propagated along the
cantilever beam. This wave generates an induced strain in the
membrane, which, at the same time, produces an electrical
charge. The piezoelectric membranes generate an unregulated
ac voltage. Thus, they cannot be connected directly with the
load because it generally requires dc voltage.

In order to be able to recover this energy, a lumped elec-
trical model that is compatible with Spectre software has
been developed. The model is based on the modal analysis
of piezoelectric Euler—Bernoulli beam equations [60], [61].
Solving the beam equation for the first resonance mode, and
considering the equivalences between the equations defining
a mechanical system and the equations defining an electrical
circuit, an electromechanical equivalent circuit is proposed. In
the experimental setup for model identification and validation,
the transducer is mounted and clamped over an electromagnetic
vibration shaker ET-132 (Labworks Inc., Costa Mesa, CA).
The shaker is driven with a specific linear power amplifier
Pa-119-2M (Labworks Inc.), with the command signals coming
from a function generator. For the displacement measurements,
a triangulation laser LC2440 from Keyence is used.

Each of the electrical components, appearing in the equiv-
alent circuit (Fig. 4), has been defined by means of the beam
geometrical and material parameters.

Table III summarizes the features for this model, just in
the case of an output voltage of 1.2 V. The maximum voltage
available is 2.5 V, requested by the technological limitations.
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Fig. 5. Inductive power link symbol and its electrical circuit model.

C. Inductive Power Link Model

Wireless power link, also known as wireless power transmis-
sion, is the way to transfer energy without wires; thus, it is the
manner to transfer electricity through an electromagnetic field
[62]-[65]. There are several types of wireless power transmis-
sion, namely, radiative [66], conductive [67], capacitive [68],
and inductive [69], but this work is only focused on inductive
low-power transmission.

An inductive link is mainly composed by two coupled coils,
as shown in Fig. 5. One works as a primary or transmitting coil
(L), where the power is injected and emitted, and the other
works as a secondary or receiving coil (L2), where the total
or a partial part of the emitted power is received. Examples of
contactless energy transfer systems for high-power applications
are shown in [70] and [71].

The transmission principle consists of injecting an ac current
through the primary coil generating an ac magnetic field. The
secondary coil then recovers this magnetic field or just a portion
of it, and an electromotive force is generated, which is used
as a voltage source by the load connected to the receiving
coil. This transmission method is also called a transcutaneous
energy transfer system [69] when the links are used in human
implantable devices [72].

Moreover, inductive transmission presents some advantages
if one of the possible applications regards the human body and
implantable electronics. It is the best solution to develop a near-
field link in the range of 1-15 MHz [68] to transmit energy
through the human skin. This range of frequencies assures
minimal losses due to the power absorption of the skin [73],
and since the coils are coupled and tuned to work specifically
in one frequency, the electrical drifts are minimal [73] to the
surrounding biological area. In our proof of concept, this is the
option that has been adopted to combine vibration and indoor
light energy with electromagnetic energy recovery.

The secondary coil usually works in resonance to increase the
link efficiency and to be selective with the used frequency. The
resonance is achieved by adding a capacitor in series or parallel
to the secondary coil. If the link uses a parallel-resonance
secondary coil, it works as an output voltage source, whereas
the series one operates as a current source.

The designed coils work in parallel resonance by adding
an extra capacitor (C3), as shown in Fig. 5. Parallel reso-
nance presents better performances for high loads than the
series one. Furthermore, the parasitic capacitance of the sec-
ondary coil (L2) is absorbed by the tuning capacitor. The
resonant frequency of the L—C' tank, no load connected, is
defined by

1
wIdeal _ (1 )

2 VI:Co'
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This equation is used to calculate the tuning capacitor for
a specific given frequency. It is important to notice that the
resonance frequency is modified when the load is connected
to the secondary coil, as it is described in (2). This derives
that, for low load values, high current, the resonant frequency is
widely modified, hence low efficiencies. Therefore, the parallel-
resonance secondary circuit is suitable to be used with large
loads [76], [77]

wReal o 1 _ 1
’ \/LQ C2 \/Rioadcg .

The coupling factor k& between coils is another important
parameter to take into account. The power link efficiency is
mainly dominated by k. Horizontal and vertical misalignments,
as well as large distances between both coils, affect the cou-
pling factor, reducing the efficiency of the link. The total
link efficiency expression for secondary parallel resonance is
given by

2

- E*Q1Q2
(1 + om—+ k2Q1Q2) (wC2R100a + Q1)
B ’LUL1
@ = Rsy
U)LQ
_wly 3
Q=% ®

where ()1 and ()5 are the quality factors of the primary and
secondary coils, respectively. The efficiency is independent
regardless if the primary coil is tuned or not. The maximal
efficiency is obtained for

IMAX Q2
Foad (1 4 /1T + k2Q1Q2)wCs

Then, the maximal link efficiency is just substituting (4)
into (3)

“)

1 ax = k2Q1Q2
VIO T 0 T RQiQa)?

A rectangular coil has been designed on a printed circuit
board in order to work as a secondary coil for harvesting
applications. It is tuned to the RFID frequency of 13.56 MHz
(ISM band). Typically, for an input power of 200 mW for the
primary and an efficiency of 50%, an on-chip current of a few
milliamperes can be achieved. A TRF7960 [78] from Texas
Instruments is used as a primary source. Table IV summarizes
its main characteristics.

An accurate description and a calculation methodology to de-
velop an inductive link for harvesting and implantable devices
can be found in [71]-[74]. In the same way, studies in [75]-[77]
explain several options to design different types of coils.

Recently, an interesting work has been published in the field
of harvesting, as one step further RF coupling as a way to
recover energy, particularly for biomedical applications [79].
This option is based on ultrasonic powering instead of RF
powering, generating up to 1 V and a power capability of
21.4 nW.

wédeal _

®)
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TABLE IV
RECTANGULAR COIL CHARACTERISTICS
Symbol Parameter Value Units
L, secondary coil 220 nH
C, parallel capacitor 620 pF
Rgo secondary series resistance 310 mQ
f Resonance frequency 13.56 MHz
N number of turns 3
CwW Conductor width 1 mm
SUB type of substrate FR4
LxW dimensions 30x 15 mm
\rec Vrec
I:| ¥ ,
M M2 s M|
Vin I Vin i
* O T O T
& Co & Co
l’ﬁ l_'
A e > e e S
@ v 0 <

Fig. 6. (a) NMOS and (b) PMOS full-wave rectifiers.

IV. MULTIHARVESTING IC ELECTRONICS

The MHPC circuitry combines three main circuits: an inte-
grated rectifier needed to rectify the ac signal coming from the
piezoelectric source, or from the electromagnetic source; a low-
voltage low-power regulator core, based on a bandgap (BG)
circuit used to define a reference voltage, and a low-dropout
regulator; and, finally, a control unit (Fig. 1).

A. Rectifier Circuits

Since the PZT generator supplies an ac voltage, a rectifica-
tion stage is needed. Two different rectifiers [62], [80] based on
the diode bridge configuration are presented, based on the use
of NMOS or PMOS transistors.

A bridge rectifier based on NMOS transistors is shown in
Fig. 6(a). The voltage is rectified as follows: When the input
voltage polarity is positive, the current flows through transistors
M7 and My, and transistors M and M3 are switched off. When
the polarity is reversed, where Vi, — is higher than Vi,+, the
current flows through transistors M, and Mj, while M; and
M are shut off.

Fig. 6(b) shows the architecture of the PMOS bridge rectifier.
When voltage Vi, -+ is higher than V;, —, transistors M, and M3
are activated, whereas M7 and M, are shut off. On the other
hand, when voltage Vi, — is higher than Vi, +, transistors M>
and M3 are deactivated, and M; and M, are turned on.

When working with MOSFET rectifiers, a tradeoff in terms
of efficiency and area has to be analyzed. A low drop voltage
across the transistors implies high channel width and low-
frequency operation; on the other hand, small channel width
represents a higher drop voltage and high operation frequencies.
Fig. 7 shows the rectified voltage (Vie.) and the operation
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transistor width for the NMOS full-wave rectifier of Fig. 6(a) (L = 1 pm and
Vin = 5 Vpp at 500 Hz).

frequency F'req for the NMOS rectifier in Fig. 6(a), as a
function of a single NMOS transistor width. A sinusoidal signal
of 5 Vpp at 500 Hz is used as input.

When the input voltage value is low and at low frequencies,
like when working with PZT, it is a good option to select
high-width transistors with low drop voltages. On the other
hand, when working at higher frequencies, like in inductive
powering, small widths are a good choice in order to increase
the switching frequency. There is an optimal operation point in
the intersection of both waveforms, but if the desired working
frequency and the expected rectified voltage are higher than
those obtained at the optimal point, some extra considerations
have to be made.

Several transistors in parallel can be connected to improve
the performance of the rectifier in terms of voltage drop and
frequency. This configuration divides the current into all tran-
sistors, reducing the drop voltage (Vgs) of each parallel NMOS.
Hence, it is possible to improve the working frequency because
the size of all individual transistors is smaller than just one big
transistor.

Taking into account the previous considerations, an inte-
grated NMOS rectifier [Fig. 6(a)] formed by four transistors—
My, My, Ms, and My—of 3000-pm width is implemented.
This size involves a voltage-drop range of 0.2-0.6 V depending
on the technological drifts. To solve the problem of low working
frequency due to size, the black circle in Fig. 7, a parallel
structure of 300 transistors of 10 pum is used to form each
transistor. Hence, a new working frequency range of 3—15 MHz
is achieved depending on the technological drifts.

An efficiency range between 55% and 85% is achieved
depending on the load and frequency conditions. In the case
of high load, the efficiency decreases due to the voltage drop
across the transistors. On the other hand, a better efficiency is
obtained in the case of low current loads: The lower the current
flowing through the rectifier, the lower the drop voltage through
it, and thus, the higher the efficiency.

The operating frequency also affects the efficiency of the rec-
tifier. For higher frequencies, the transistors’ leakage increases,
producing more losses, and therefore, the efficiency decreases.
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Fig. 8. NMOS rectifier efficiency and voltage drop for several load conditions.

Fig. 8 shows the efficiency of the rectifier versus several load
conditions for different frequencies and filter capacitances (Cp)
and the voltage drop across the rectifier in function of load
conditions. A tradeoff in terms of area, load current, leakage,
and voltage drop has to be reached to fit the correct rectifier in
each application. In addition, a minimum input voltage higher
than the threshold voltage of the transistors is necessary to
activate them properly and rectify the incoming signal.

Table V summarizes the main features of the rectifier, and
Fig. 9 shows the minimum input voltage that is able to be
properly rectified by the NMOS ac/dc converter. The PMOS
rectifier presents a simulated efficiency of 72% under the same
conditions as the NMOS. In spite of its better efficiency, the
NMOS rectifier is integrated due to its reduced dimensions. The
PMOS rectifier is ten times higher than the NMOS.

B. Regulator Core

This circuitry is based on two modules that are used in the
different modules, a BG circuit and an LDO regulator.

The proposed BG circuit is based on a full MOSFET BG
architecture [81], [82] in order to avoid the use of bipolar
transistors [83], [84], because these transistors are not available
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TABLE V
NMOS FULL-WAVE RECTIFIER CHARACTERISTICS
Symbol Parameter Min | Max | Units

Vin nominal input voltage 0.3 25 Vp
Virop drop voltage 0.2 0.67 \
Low output current - 20m A
Freq working frequency - 16M Hz
M efficiency 52 85 %
Licakage leakage current - 1.4m A
W width of each transistor 3000p m
L length of each transistor 0.28u m

100mV/div
500us/div

1 1 1 i 1

Fig. 9. NMOS rectifier minimum input voltage.

VINT
!I.“ M1

Fig. 10. Schematic of the BG circuit.

in the technology used. This circuitry has been presented in
[85]. The full MOSFET BG architecture is shown in Fig. 10.

Several simulations have been carried out, obtaining a nom-
inal value of the reference voltage of 530 mV for this design.
The power dissipation is 10 W at 1.4 V, which represents low
power consumption.

Fig. 11 shows the experimental BG voltage against tem-
perature at V.. = 1.2 V. The results show the experimental
values for four application-specified ICs (ASICs): IC1, IC2,
IC2, and IC4. In addition, in Fig. 11, the experimental voltages
are compared with the simulated BG voltages for different
statistical models supported for the selected technology and the
Spectre simulator: SSA (slow case), which means slow mobility
for the carriers; TTY (typical case), which means an average
mobility for the carriers; and, finally, the FFA model (fast case),
which means the highest mobility for the carriers.
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Fig. 12. LDO regulator architecture.

The implemented LDO regulator architecture is shown in
Fig. 12. It is formed by one switch, one error amplifier (EA),
a voltage BG reference circuit, and the closed-loop resistors
(CLRs) used to regulate the output voltage. It is designed to
generate a nominal regulated voltage (Vgegs) of 1.2 V. The
regulated voltage is defined by the CLR as

Vieg = Vi (1 + gl) . ®)
2

The selected switch is a PMOS transistor. An NMOS switch
implies positive voltages to drive its gate, and the signal gen-
eration becomes difficult when working at low voltages. The
low-voltage control and low dropout voltages of the PMOS
transistor are perfect for this application.

The design of the LDO has to follow these two main con-
straints: the lowest possible consumption and the smallest pos-
sible area. The consumption depends on the power dissipation
of the internal circuits such as the current source, the voltage
reference circuit, and EA. In terms of area, it is logical to
assume that the smallest possible area is the most desirable
solution to integrate the LDO in a system like MHPC.

Taking into account the stability issues and the power and
area constraints, the LDO has been designed in accordance with
the idea of a compensation by an external dominant pole [85]-
[88]. This means that the LDO will use an off-chip capacitor
(C) to guarantee stability for all load conditions.

To analyze the stability, it is important to evaluate the posi-
tion of the poles and zeros of the LDO. The generic LDO has
three poles in its frequency loop transfer. The first pole (P1)
is basically defined by the output resistance of the switch, the
load resistance, and the series resistance (Rggr) of the output
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capacitor C'r, (Fig. 12). The second pole (P2) is related to the
gate capacitance of the PMOS switch and the output resistance
of the EA (Rga). The first pole, P1, is the dominant one.
This pole has the characteristic that it varies depending on the
load current level in the low frequency range. Finally, the ESR
resistance and the equivalent load capacitance define the third
pole, P3.

Typically, the Rga resistance is high, and the Cpyiog is
small. Hence, P2 is also placed at medium/high frequencies,
which causes the response of the LDO to be slow. However,
in this system, there is also the presence of a zero, which is
typically related to the Rggp resistance. In that way, the zero is
located at higher frequencies than P1 and, at the same time, at
lower frequencies than the unity gain frequency (UGF), pushing
the LDO into a stable situation.

In summary, there are a dominant pole (P1) working at
low frequencies and another pole (P3) working at frequencies
higher than UGF. Furthermore, P2 is working at medium/high
frequencies but lower than UGF, which makes stability diffi-
cult. For that reason, the placement of the zero (Z0) at lower
frequencies than UGF helps the stability of the LDO.

The stability of the LDO by a dominant pole is effective,
but a high value of Cpoap is required. It is not difficult to
obtain a high-value capacitor when working with harvesting
applications because the storage element always presents a high
capacitance value. The speed of the LDO is typically several
milliseconds (around 25 ms).

The EA is based on a two-stage amplifier as is shown
in Fig. 13. Transistors My, and Mpyo are used to de-
fine the ground current in the case of no-load conditions.
Table VI summarizes the most important features of the imple-
mented LDO.

Fig. 14 shows the experimental case of a regulated voltage
(VReg) of 1.196 V obtained from an unregulated dc voltage
of 1.5 V provided by the solar cells at indoor illumination
conditions of 1000 Ix (fluorescent tubes). A 4.7-nF external
capacitor (Cr,) works as an SD and compensates the LDO.

C. Control Unit

The control unit has been designed and is based on a previous
solution presented in [85]. The architecture of the unit is shown
in Fig. 15. The dc voltage is used to charge the voltage at the
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TABLE VI
LDO ELECTRICAL CHARACTERISTICS
Symbol Parameter Min Max | Units
Vin input voltage 1.3 2.5 v
VRee regulated outputvoltage 1.189 1.22 \
TReo output current 20 10m A
lee current consumption 23p 27u A
Pce power consumption 29 67 n W
Al oad load regulation® 13m 34m \
Aline line regulation** 7m 18m \
Ape DC gain 63 72 dB
Py phase margin 58 65 °
PSSR supply rejection ratio 28.7 394 dB
T T
VLoad
L et it mr e b wholt
Vreg
500mV/div
500ms/div
OV 1 1
Fig. 14. Solar cell + LDO experimental result.
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Fig. 15. Complex control module architecture.

SSD element, as shown in Fig. 1. This voltage is monitored
continuously by the control module and compared with two
trigger values (Vi,ax and Vi) in order to control the PMOS
switch.

When the dc voltage at SSD element reaches the maximum
value (Viax), the control module switches on the PMOS
transistor, and the energy stored in the capacitor or battery is
transferred to the load. At that point, SSD starts to decrease (dis-
charging phase) to a minimum voltage value (Vi,i, ). When the
control module senses the minimum threshold value, the PMOS
is automatically deactivated, and the voltage transference from
the capacitor to the load stops. Immediately, the voltage at the
SSD increases again up to Vi,ax, defining the recharge phase. It
must be stated that the load must work between V. and Viin
voltages. The first time the battery is charged to V. is defined
as the start-up phase.
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The Viax value is defined by the regulated dc voltage de-
fined by the LDO regulators. The Vi, is the dc nonregulated
minimum voltage acceptable for the loads to work.

The time involved in the start-up and recharge phase varies
in function of the power available by the generator and the
value of the capacitor. The discharge phase time depends on
the load power consumption. The energy is transferred to the
load in pulses, defining a burst operation mode: The load is
only connected if there is enough energy at the capacitor. It
is possible to move from burst mode toward continuous mode
if the load consumption is lower than the generated power.
In that way, the load capacitor does not reach the minimum
threshold voltage, and a long-operation discharge phase is
defined.

The system is formed by two low-power comparators
(Fig. 15), which continuously sense the voltage at the storage
capacitor SSD and compare it with a reference voltage supplied
by a BG reference circuit. Two resistive networks, Ry and
Ry, are used to adapt the voltage level of SSD to the range
defined by the BG. One comparator is set to detect when the
voltage reaches Vi,.x and the other to sense Vinin. The signals
generated by the comparators are used by a logic circuitry
to generate the control signal for the PMOS switch and to
define the charge and discharge phases of the system. The
comparators, the digital logic, and the rest of the elements of
the control unit are powered by the voltage at the storage ele-
ment SSD.

The complex control also incorporates a power on reset
(POR). This circuit is used to reduce the power consumption of
the module during the start-up phase. At the beginning, when
the voltage grows from zero to Vj,.x for the first time, only the
POR and the BG circuit are working. When the voltage at the
storage capacitance is around 0.8 V, the POR circuit activates
the rest of the electronics, increasing the power consumption of
the module. In that way, the system is only connected when a
minimum amount of voltage is available at the SD. The power
consumption of the module is shown in Fig. 16, where it is
compared with the typical simulated values. In that case, the
simulated and experimental results are, in fact, similar.
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Fig. 17.

MHPC demo board.

V. EXPERIMENTAL RESULTS

The IC has been designed in a 0.13-pm technology which
is a low-voltage technology, up to 3.3 V. This IC works in an
environment where light, vibration, and RF sources are used to
recover energy. External off-chip Zener diodes [51] are used to
protect the circuitry. It must be stated that, for the maximum
conditions of operation of the three microenergy sources, the
ASIC always works in a safe operating region.

From Fig. 1, signals M;—M, control the connection of each
power source. A control module is included in order to work in
SSD mode.

The IC has been tested with the demo board shown in Fig. 17.
Six solar cells, XOB17, from IXYS [59] are used to harvest
solar energy. Each one of them could be connected with the
others using a serial or parallel connection. Several piezoelec-
tric transducers are used to handle the mechanical vibration.
The main tests were done with two piezos from Mide. Tech.
(QP20W and QP40W) [35] and the electromagnetic vibration
shaker ET-132 (Labworks Inc.). The presented results were
obtained with two stacked QP20W in parallel working at 7 m/s?
at 80 Hz.

Regarding magnetic induction link, a planar rectangular an-
tenna (inductor) of 30 mm x 15 mm is added to the board in
order to operate as a secondary antenna. It has three turns, a
conductor width of 1 mm, and an inductance of 220 nH. It
is tuned to work in the RFID range of 13.56 MHz. A Texas
Instruments TRF7960 is used as the primary source.

Fig. 18 shows the working principle of the MHPC working
in SSD mode: just one SD shared with all sources. This depicts
the current used to charge the SD and how it increases or
decreases depending on the number of activated sources. The
voltage at the SD is regulated at 1.2 V. Maximum current is
flowing to the SD (5 mA) when the three sources, namely, solar
(SC), piezoelectric (PZT), and inductive link (MI), are working
together.

This particular test is done with the QP40W piezoelectric
working at 1 m/s? at 80 Hz, two IXYS solar cells at indoor
light conditions of 1500 1x, and the RF link generator TRF7960
emitting at full power (200 mW), with a distance between the
base station and the antenna receiver of 25 mm.

Full system is able to recover, with the three powering
sources working at the same time, a total power of 6.2 mW.
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Fig. 18. MHPC powering source addition.

The power harvested using the light in the office illumination
conditions alone is 2.76 mW. When operating with just the
RF module, based on inductive coupling, the recovered power
is 4.5 mW. Finally, the vibration harvesting working alone is
able to recover up to 360 pW. Ideally, the addition of the
three powering sources working in the SSD mode would be
7.8 mW. It must be stated that the quiescent power consumption
of each LDO is around 30 W and that the control module
has a power consumption of around 70 pW. Then, when the
three sources are combined, the ASIC has an additional power
consumption of 60 uW. The difference of 1.6 mW between
the theoretical addition of the harvested power and the real
amount of power that is recovered is due to the variation of
the effective load conditions for the light and RF modules,
mainly because the PZT module is working practically in the
best electromechanical conversion conditions [85].

For the light and RF modules, some power tracking can
be designed. Regarding the RF module, a solution to harvest
energy following the peak power point of an antenna and the
integrated rectifier source is presented in [90]. For the light
module, a solution based on the study in [20] can be designed.
However, as stated earlier, at this stage of the prototype, our
objective is to validate the conception of the MHCP circuitry.

The implementation of some tracking solutions for the peak
power point for the RF and light modules involves a study of the
power consumption of such solution, and their cost in silicon
area, compared with the improvement that could be achieved.
Simple solutions should be adopted in order to avoid complex
control algorithms and power consumption.

VI. CONCLUSION

This paper has presented a full-custom MHPC for a self-
powered system based on the addition of different harvesting
power sources: vibration energy scavenging based on a low-
cost piezoelectric commercial generator, solar energy, and elec-
tromagnetic induction, in order to validate the concept of the IC.

The whole architecture has been designed using a low-power
low-voltage commercial technology. The design of the system
is based on the use of a validated model of the piezoelectric
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TABLE VII
MHPC INPUT PIN MAXIMUM ELECTRICAL FEATURES
Symbol Parameter Min Max | Units
VINPZT input voltage Piezo +-1 | +/-25 Vac
IwPZT input current Piezo - S mA
VinSC | input voltage Solar Cell 13 2.5 Vdc
I1xSC | input current Solar Cell - 10 mA
input voltage Induction -
VinMI | input current Induction 13 +/-2.5 | Vac
IinMI frequency of operation ' 10 mA
(up to 25 MHz)

micropower generator, inductive link, and solar cells. The ar-
chitecture of the proposed MHPC is presented, and each circuit
block is also described in detail.

Experimental results confirm the correct performance of the
adopted architecture integrated in a commercial technology,
defining a multimode energy scavenging prototype, which com-
bines the capture of energy from vibrations at low frequencies,
indoor ambient light, and inductive coupling.

As a point-of-view system, the addition of three microhar-
vesting sources has been validated. The total harvested power,
at the indicated nominal conditions, is greater than 5 mW. This
device, in the suitable ambient conditions, would be able to
power enough energy for a typical sensor node. The power
is strongly dependent on the complexity of the sensor, in
terms of the measurements to be done and the data rate to
be transmitted. Some examples of the power level that can be
assured by such devices are described in [91] and [92]. In [91],
the temperature is measured and transmitted every 5 s, with a
power consumption of 10 xW. In [92], a pulse oximeter sensor
is powered by 90 uW.

In summary, the power level of 200 W is a good value that
represents the average power level needed by a sensor node to
measure and transmit data rates of 200 kb/s [93].

An interesting feature would be the use of MEMS technolo-
gies with the ASIC production. Micromachining will allow the
production of cheaper devices by combining these different
types of powering sources with specific microgenerators for
specific environments and applications.

At this stage of the research, no peak power operating for
each module has been implemented. Future work is oriented
to analyze the possibility of including them in order to increase
the whole efficiency but analyzing the tradeoff between the area
and power consumption of these solutions, which necessarily
requires very low power consumption and small area, to avoid
increasing the cost of the system.

Table VII shows the main features of the MHPC in terms
of its electrical characteristics. These are the minimum and
maximum voltages and currents available for this prototype
for the three types of powering sources considered: vibration
based on piezoelectric generators (PZT), light based on indoor
solar cells (SC), and, finally, electromagnetic induction (RF).
The operating conditions of the microharvester, imposed by
the application and environment of use, must fit these ranges.
Table VIII shows the electrical features of the prototype for the
MSD mode, which is that every powering source has its own
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TABLE VIII
MHPC OUTPUT PIN MAXIMUM ELECTRICAL FEATURES IN
FUNCTION OF THE MODE OF OPERATION

Symbol Parameter Min | Max | Units
Vout PZT | output voltage 1 2.5 Vdc
o lour PZT | output voltage - 10 mA
a
g Vour SC | output voltage - 1.2 Vdc
o) Iour SC | output voltage - 10 mA
2]
p=
Vour MI | output voltage - 1.2 Vde
Iour ML | output voltage - 10 mA
LE Vour output voltage 1 1.2 \%
Q
=
a
R Lour output voltage - 20 mA

SD, or the SSD mode, where the three powering channels share
the same SD, which can be a supercapacitor. In our case, as a
test approach for Fig. 18, a capacitor of 47 uF was used.
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